Allergic contact dermatitis is regarded as the most frequent expression of immunotoxicity in humans. Many odorant terpenes commonly used in fragrance compositions are considered as weak skin sensitizers, whereas some of their autoxidation products, allylic hydroperoxides, are classified as strong sensitizers according to the local lymph node assay. However, the mechanism of their effects on the immune system remains unclear. Since dendritic cells play a key role in allergic contact dermatitis, we studied their activation by the frequently used linalool (LINA) and limonene (LIMO), and their respective sensitizing allylic hydroperoxides (LINA-OOH, LIMO-OOH). The THP-1 cell-line was used as a surrogate for dendritic cells, the model currently employed in the validated h-CLAT in vitro test. Our data showed that allylic hydroperoxides behave differently. Both LINA-OOH and LIMO-OOH oxidized cell surface thiols 30 min after stimulation. However, the oxidative stress induced by LINA-OOH was stronger, with a higher decreased GSH/GSSG ratio and a stronger reactive species production. Moreover, LINA-OOH induced a stronger Nrf2 accumulation in correlation with nqo1 and ho-1 gene expression, 2 Nrf2 target genes. Regarding signaling pathways involved in these effects, P38 mitogen-activated protein kinase and P-ERK were activated in response to LINA-OOH but not with LIMO-OOH. CD54 and CD86 were induced 24-h postexposure. In contrast, LINA and LIMO did not modify THP-1 phenotype. This work underlies that autoxidation forming allylic hydroperoxide (ROOH) does not lead to equal chemical reactivity since LINA-OOH appears to be a stronger activator than LIMO-OOH, in regard to oxidative stress and Nrf2 pathway activation.
Products (2005), due to EC3 values between 0.2% and 2% (Christensson et al., 2014; Skö ld et al., 2004) . Hydroperoxides derived from the autoxidation of LIMO and LINA are thus considered as strong sensitizers while the corresponding terpenes are classified as weak sensitizers. Allylic hydroperoxides must react with proteins in the skin to be recognized by the immune system. It has been reported that these compounds form antigens most probably via mechanisms involving radical intermediates, starting with the homolytic cleavage of O-O/O-H bonds of weak dissociation energies (Kao et al., 2014) . Recent international multicenter studies showed frequent contact allergic reactions to oxidized LINA and oxidized R-LIMO in tested dermatitis patients. Out of 2900 patients, 5.2% were tested positive to oxidized R-LIMO 3% (containing 0.33% of hydroperoxides) and 6.9% to oxidized LINA 6% (containing 1% of hydroperoxides) (Brå red Christensson et al., 2012 Christensson et al., , 2013 .
Allergic contact dermatitis (ACD) is a major source of occupational skin disease. It results from an adverse reaction of the immune system to low-molecular weight chemicals called haptens and it is a T-cell-mediated delayed-type hypersensitivity reaction (Martin, 2015) . Two phases are distinguished in this pathology, the sensitization phase and the elicitation phase. The mechanism behind skin sensitization in ACD is documented by the OECD as an adverse outcome pathway (OECD, 2012) . The main key events include the formation of the hapten-protein complex (Gerberick et al., 2004) , the activation of cell-signaling pathways such as mitogen-activated protein kinase (MAPK) and oxidative stress signaling pathways (Natsch and Emter, 2016) and phenotypic changes of dendritic cells (DCs) through their expression of cell-surface markers (Nukada et al., 2011) .
The main objective of this work was to investigate the activation of DC by terpenes and their autoxidation products. LINA and LIMO terpenes and their respective sensitizing allylic hydroperoxides were studied on the THP-1 cell-line, a human monocytic leukemia cell-line, as a surrogate of DC. This cell-line is currently used in the h-CLAT in vitro test (Nukada et al., 2011) . Tested molecules were: one allylic hydroperoxide resulting from the autoxidation of LIMO, 2-hydroperoxilimonene (LIMO-OOH), a mixture of 2 allylic hydroperoxides and one single compound resulting from the autoxidation of LINA, 6 and 7-hydroperoxy-3, 7-dimethylocta-1, 7-dien-3-ol (LINA-OOH 6 þ 7) and LINA-OOH 7. Our results showed that both LINA-OOH behave as stronger activators of THP-1 cells than LIMO-OOH, resulting in oxidative stress signaling and MAPK activation. No significant difference between LINA-OOH 7 alone and the LINA-OOH 6 þ 7 isomers mixture was found. In fine, both terpenes and their hydroperoxides induce a slight maturation of THP-1 cells, with a higher activation in response to hydroperoxides.
MATERIALS AND METHODS
Chemicals. Acetonitrile (CH 3 CN, CAS number: 75-05-8), Cinnamal (CinA, CAS number: 104-55-2, dithiothreitol (DTT, CAS number: 3483-12-3), D-LIMO (CAS number: 5989-27-5), LINA (CAS number: 78-70-6), and butylhydroperoxide (tBHP, CAS number: 75-91-2) were all purchased from Sigma-Aldrich (St QuentinFallavier, France).
LIMO-OOH and the mixture of isomers LINA-OOH 6 þ 7 (6:4 ratio) were synthesized in the dermatochemistry laboratory (Strasbourg, France) (Kao et al., 2011) . As these 2 compounds are difficult to isolate from the mixture, isomer LINA-OOH 7 was kindly provided by Natsch, Givaudan (Duebendorf, Switzerland).
Culture of THP-1 cell-line. The human monocytic cell-line THP-1 (ATCC-TIB-202; LGC, Molsheim, France) was grown in RPMI 1640 medium with 25 mM HEPES GlutaMAX (Gibco, Invitrogen, Saint Aubin, France) supplemented with 10% heat-inactivated fetal bovine serum (Biowest, AbCys, Courtaboeuf, France), 1% sodium pyruvate (Gibco, Invitrogen), antibiotics [100 U/ml penicillin, 100 lg/ml streptomycin (Gibco, Invitrogen)] and 0.05 mM 2-mercaptoethanol (Sigma-Aldrich) at 37 C in humidified air containing 5% CO 2 .
Chemical treatment. THP-1 cells were cultured for at least 12 h at 8 Â 10 5 cells/ml in complete medium without 2-mercaptoethanol. On the next day, the cells were seeded in complete medium at 1 Â 10 6 cells/ml and treated with chemicals. CinA was diluted in DMSO and tBHP, terpenes and allylic hydroperoxides in CH 3 CN. Final concentrations of solvent in culture media did not exceed 0.1%.
Measurement of cell viability. For each chemical, several concentrations were first tested on THP-1 cells to assess cell viability after 24 h of treatment using 7-AAD and Annexin V staining according to the manufacturer's protocol (Becton Dickinson, Le Pont de Claix, France) (data not shown). Cell viability was measured using the FL-3 wavelength on a FACScalibur flow cytometer (Becton Dickinson). Data acquisition was performed using the CellQuest software (Becton Dickinson). At least 4 independent experiments were performed for each chemical. According to these results, one concentration for each chemical was selected for further experiments. This concentration was the maximal concentration inducing no more than 30% cytotoxicity. For molecules without any cytotoxicity, the highest concentration (1.5 mM) was used (Table 1) . Negative and positive controls (DTT, CinA and tBHP) were used at previously determined subtoxic concentrations (Migdal et al., 2013) .
Analysis of cell-surface thiols by flow cytometry. The Alexa Fluor 488 C 5 maleimide (AFM) (Fisher Scientific, Illkirch, France) has been used to measure cell-surface thiols Quantification of intracellular reduced and oxidized glutathione (GSH and GSSG). After treatment with chemicals for 1 h, 1 Â 10 6 cells were collected and washed twice with cold PBS. The GSH/GSSGGlo Assay kit from Promega (Madison, USA) was used and the ratio of intracellular reduced on oxidized glutathione was measured. Results are expressed as the fold induction over control and are the mean 6 SEM of 4 independent experiments.
Reactive species detection. Intracellular production of reactive species in THP-1 cells following the treatment was determined by measuring DCF (dichlorofluorescin)-derived fluorescence by flow cytometry. THP-1 cells (2 x 10 6 cells/ml) were pretreated for 30 min with 2 lM DCFH-DA (2', 7'-Dichlorodihydrofluorescein diacetate) (Sigma-Aldrich) in serum-free RPMI at 37 C. Cells were washed and resuspended in PBS (1 x 10 6 cells/ml).
Following incubation at 37 C with chemicals, fluorescence intensity of DCF was then measured in the FL1 channel. A total of 10,000 living cells were analyzed. RFI was calculated by using the following formula: RFI (% of control) ¼ (MFI of chemicaltreated cells/MFI of vehicle control cells) Â 100. Results are expressed as the fold induction over control and are the mean 6 SEM of 4 independent experiments. LINA-OOH (7) was not tested for this experiment.
Immunoblotting. Western blot was performed as we previously described (Migdal et al., 2013) . Briefly, THP-1 cells were lysed after chemical exposure. Total protein concentration was evaluated using bicinchonininc assay, 30 mg of denatured proteins were loaded on polyacrylamide gels (TGX Stain-Free FastCast; Bio-Rad Laboratories, Hercules, California). Stain-free gels were activated. Proteins were transferred to PVDF membrane (BioRad Laboratories). Total proteins on membranes were detected using the Stain-free method (Gilda and Gomes, 2013) . For the Nrf2/Keap1 analysis pathway, membranes were incubated with antibodies raised against Nrf2 (H-300; Santa Cruz Biotechnology, Heidelberg, Germany). For the MAPKs and NF-rB analysis pathways, membranes were incubated with antibodies raised against the phosphorylated forms of p65, p38 MAPK, JNK 1/2, or ERK 1/2 (all from Cell Signaling Technology, Ozyme, StQuentin en Yvelines, France). Immunoreactive bands were detected by chemoluminescence (ECL solution, Amersham Biosciences, Piscataway, USA). Results were expressed as a fold (Nrf2 protein band intensity of treated cell proteins)/(Nrf2 protein band intensity of vehicle treated cell proteins) Â (Loading control of vehicle treated cell proteins)/(Loading control of treated cell proteins).
Measurement of Nrf2 DNA binding. DNA binding was analyzed using specific ELISA-based TransAM kits from Active Motif as described by Macoch et al. (2015) . Colorimetric readout was quantified by spectrophotometry at 450 nm. Each value is the mean 6 SEM of 4 independent experiments. RNA isolation, reverse transcription, and real time PCR. THP-1 cells (1 Â 10 6 cells/ml, 2 ml/well) were exposed to test compounds for 6 h. This time point was determined in preliminary experiments and was found to be optimal to study expression of Nrf2 target genes (data not shown). We used the Macherey Nagel kit to extract the RNA and followed the manufacturer protocol. Total RNA yield was quantified by spectrophotometry. Reverse transcription and real-time PCR were performed as previously described (Migdal et al., 2013 Statistical analysis. Data are expressed as means 6 SEM. Differences between groups were evaluated with the MannWhitney U test (Prism Software; GraphPad, La Jolla, California). p < .05 was regarded as significant.
RESULTS
Measurement of Cell-Surface Thiols, Glutathione Depletion and Reactive Species Production After Terpene and Hydroperoxide Exposure A decrease of cell-surface thiols was described as a trigger of activation of intracellular signal transduction in hapten-treated THP-1 cells . We first measured this after treatment with the terpenes and the allylic hydroperoxides by flow cytometry. We used the Alexa fluor C5 maleimide, a specific impermeable thiol-reactive compound able to covalently bind to membrane surface cysteines. Thiol antioxidant DTT and oxidizing agent tBHP were also tested as negative and positive controls (Supplementary Figure S1A) . Our results show that the terpenes and the hydroperoxides significantly induced a decrease of cell-surface thiols after 30 min of treatment. After 1 h of treatment with LINA and LIMO, this decrease was no longer significant, while it remained significant with LINA-OOH and LIMO-OOH. This effect was no longer significant 2 h post exposure ( Figure 2A ). Since terpene and hydroperoxide treatment decreased cell-surface thiols, GSH depletion was measured. The results showed a significant decrease of GSH/GSSG ratio in response to LINA-OOH (7 and 6 þ 7) with a significant difference between LINA and LINA-OOH ( Figure 2B ). LIMO-OOH induced a slight decrease of the ratio in comparison with LIMO but the difference was not significant. Both LINA-OOH and LIMO-OOH induced a significant GSH depletion with a stronger effect for LINA-OOH. The depletion induced by the terpenes and/or their hydroperoxides is quite similar to positive controls (CinA or tBHP) (Supplementary Figure S1B) . The measurement of reactive species production showed that LINA-OOH 6 þ 7 induced a significant production comparable to levels induced by tBHP, a positive control (Supplementary Figure S1C) , whereas LINA, LIMO, and LIMO-OOH did not ( Figure  2C ).
Nrf2 Is Differently Activated by Terpenes and Hydroperoxides
In response to an oxidative stress to the cells, the Nrf2/Keap1 pathway is activated in order to induce the synthesis of antioxidant enzymes (Dickinson et al., 2004) . To investigate the activation of Nrf2 pathway after terpene and hydroperoxide exposure, the accumulation of the Nrf2 protein was measured by western blot. Our results showed that in response to LINA-OOH 7 and 6 þ 7, Nrf2 is accumulated. With LIMO and LIMO-OOH, a slight accumulation of Nrf2 was measured ( Figure 3A) .
In order to activate the transcription of target genes, accumulated Nrf2 needs to translocate to the nucleus and bind to ARE (Antioxydant Response Element) consensus sequence. LINA-OOH induced a significant increase of Nrf2 DNA binding while LINA, LIMO, and LIMO-OOH did not ( Figure 3B ). The fold induction induced by both LINA-OOH was comparable to tBHP, our positive control (Supplementary Figure S2A) . LINA-OOH 7 and 6 þ 7 significantly induced the expression of ho-1, nqo1, and il-8, target genes of Nrf2, while LINA did not. LIMO-OOH induced only the expression of il-8 while LIMO did not (Figs. 3C-E) . However, induction of il-8 is lower with LIMO-OOH stimulation in comparison with LINA-OOH.
MAPKs and NF-jB Pathway Activation of THP-1 Cells Exposed to
Terpenes and Hydroperoxides MAPK pathways have been described to be involved in the maturation of human DCs (Boislè ve et al., 2005) . Since a link between their activation following oxidation of cell-surface thiols has been shown , the activation of MAPK and NF-rB pathways was measured (Figure 4) . LINA-OOH 7 and 6 þ 7 induced an activation of all MAPKs and p65 while LINA did not. LIMO and LIMO-OOH induced a slight increase of JNK, ERK, and p65 phosphorylated. Both LIMO and LIMO-OOH induce the phosphorylation of p38 but not with the same kinetic.
Phenotypic Characterization of THP-1 Cells Exposed to Terpenes and Hydroperoxides
The phenotype of THP-1 cells was analyzed after 24 h of treatment with terpenes and hydroperoxides. We measured 2 activation markers: CD86 and CD54. LINA and LINA-OOH 7 and 6 þ 7 induced a significant expression of CD86. Concerning CD54, the expression was only significant with LINA-OOH 7 and 6 þ 7 but not with LINA. A significant expression of CD86 was observed in response to LIMO-OOH, but not with LIMO. CD54 was significantly induced in response to LIMO and LIMO-OOH ( Figure 5) . However, the activation of THP-1 by hydroperoxides was lower than the one measured with positive controls (Supplementary Figure S3) .
DISCUSSION
According to the European Commission, about 1 to 3% of the general population in Europe is affected by ACD to fragrance sensitizers (Scientific Committee on Consumer Safety, 2011). It is now mandatory to label 26 allergens on the packaging of cosmetic products and LIMO and LINA are part of them (European Commission, 1976) . Some of their autoxidation products, such as allylic hydroperoxides, are indeed considered as strong sensitizers (Karlberg et al., 2013) . In this study, we hypothesized that terpenes and hydroperoxides induce an oxidative stress leading to DC activation. Therefore, we studied the GSH/GSSG ratio, the Nrf2 and MAPK pathways, in THP-1 cells described as a surrogate of DC. Kagatani et al. (2010) have reported that cell surface thiols on MoDC and THP-1 cell-line were oxidized following treatment with some haptens. These modifications of surface thiols play a crucial role in the activation of those cells. Once the proteins are oxidized, they need to be recycled to ensure the homeostasis of the cell. GSH acts in conjunction with GSH peroxidases and glutathione S-transferases to detoxify reactive species and to recycle oxidized protein thiols (Requejo et al., 2010) . In our work, both terpenes and their derived hydroperoxides led to the oxidation of cell-surface thiols but the effect of the hydroperoxides was stronger than the native molecules.
The oxidation of cell surface thiols by exogenous GSSG can provoke the phosphorylation of p38 MAPK (Filomeni et al., 2003) . This kinase was also activated in response to DNCB, a strong sensitizer (Miyazawa et al., 2008) . In our hands, LINA-OOH and LIMO-OOH induced the phosphorylation of 3 MAPKs (JNK, ERK, and p38) but only hydroperoxides led to a slight upregulation of both CD54 and CD86. In this study, we did not follow h-CLAT guidelines (OECD 442 D), explaining the low concentrations of terpenes used. Indeed, a lower induction of CD86 and CD54 on the THP-1 cell-surface was observed compared with the literature. No significant differences between exposure with LINA-OOH 7 and 6 þ 7 were measured so there is no evidence that the mixture of LINA-OOH was a stronger activator of THP-1 than LINA-OOH 7. The difference of results observed between LIMO-OOH and LINA-OOH could be explained by the suspected mechanisms for their reaction with skin proteins involving radical intermediates. Initially obtained alkoxyl RO•/peroxyl ROO• radicals can further lead via intramolecular cyclization, fragmentation or hydrogen abstraction to the formation of longer half-life reactive carbon-centred radicals R• through different radical rearrangements. Kao et al. (2011) proved that some of these Figure 2 . Effect of terpenes and hydroperoxides on cell-surface thiols, intracellular GSH/GSSG ratio and reactive species production. THP-1 cells were exposed to the indicated chemicals at subtoxic concentration. A, Cell-surface thiols, expressed as RFI-100 is the mean 6 SEM of 4 independent experiments. B and C, GSH/GSSG ratio and reactive species production are the expression of the fold increase over control and are the mean 6 SEM of 4 independent experiments. Asterisks indicate a significant (p < .05) difference between chemical-treated cells and vehicle-treated cells. Dollars indicate a significant (p < .05) difference between both conditions. carbon-centred radicals R• derived from LINA-OOH and LIMO-OOH can react and form adducts with some amino acids such as cysteine, lysine and tryptophan, showing that the possibilities of radical rearrangements were more limited in the case of LIMO-OOH than in the case of LINA-OOH.
Our results allow us to propose that the mechanism of action of both terpenes could be different. LIMO could act as a pro-hapten and be metabolized by THP-1. Once metabolized, the product would activate MAPKs pathways inducing an incomplete maturation of THP-1 cells. Brå red Christensson et al. Western blot was realized as described in "Materials and Methods" Section. B, Relative Nrf2 ARE-sequences binding in THP-1 cells after exposure with terpenes and hydroperoxides are expressed as optical density at 450 nm. Each value is the mean 6 SEM of 4 independent experiments. mRNA expression of Nrf2 target genes in THP-1 cells exposed to the selected chemicals for 6 h. Expression of ho-1 (C), nqo-1 (D) and il-8 (E) was measured by real-time PCR and were expressed as fold induction compared with control samples. Each value is the mean 6 SEM of 4 independent experiments. Asterisks indicate a significant (p < .05) difference between chemical treated cells and vehicle treated cells. Dollars indicate a significant (p < .05) difference between both conditions.
(2016) mentioned that some terpenes could be activated to become sensitizers through both biotic and abiotic activation (geraniol and a-terpinene for instance). Biotic oxidation can occur in the skin, through enzyme activity such as cytochrome P450 or peroxidases (Moss and Lepoittevin, 2016) . Meesters et al. (2007) studied by enzymatic assays the oxidative metabolism of LINA by cytochrome P450. They identified different enzymatic products of allylic hydroxylation and epoxidation such as 8-hydroxylinalool and 6, 7-epoxy-linalool. Epoxides can react as S N 2 electrophiles with skin proteins (Roberts et al., 2017) and might also lead to the activation of intracellular pathways. Since keratinocytes seem to play a role in the metabolic activation of prohaptens and conjugation of haptens (Hennen et al., 2011; Hennen and Blö meke, 2016) , it would be revealing to test terpenes on a co-culture model using a keratinocyte cell-line (HaCAT) and THP-1 cells. Keratinocytes could then provoke the metabolic activation of terpenes, resulting in a stronger increase of CD54 and CD86 expression on THP-1 cells.
Many interventional studies performed with employees in specific working environments (eg, metal and health care workers, hairdressers) have shown a disturbed skin barrier in occupational ACD (Hachem et al., 2002; Kü tting and Drexler, 2003; Williams et al., 2010) . In ACD, the first step starts with a disturbance of the skin barrier (Bonneville et al., 2007; Dickel et al., 2010) and the altered permeability could allow for a better penetration of allergens through the skin.
Furthermore, the dysfunctional skin barrier observed in atopic dermatitis patients may play a role in the increased penetration of chemicals, thus augmenting the risk for sensitization and ACD (Thyssen et al., 2014) . This barrier defect also results in increased rates of irritant contact dermatitis, which further compromises the skin barrier and magnifies this issue. People developing allergy to allylic hydroperoxides might have abnormal epidermal barrier that make them more vulnerable.
Since a major mechanism in the cellular defense against oxidative or electrophilic stress is activation of the Nrf2 signaling pathway, we also focused our work on the activation of the Nrf2/ Keap1 pathway known to be activated by chemical sensitizers (Ade et al., 2009 ). Chemical sensitizers have been shown to induce the transcription of Nrf2 target genes ho-1 and nqo1 (Migdal et al., 2013) . In our study, both allylic hydroperoxides led to the accumulation of Nrf2 with a higher response with LINA-OOH. However, only LINA-OOH induced the Nrf2 pathway activation meaning that terpenes act in a different way for Nrf2 activation. Some research indicates that phosphorylation of Nrf2 on several serine and threonine residues by MAPKs is needed for its activation (Sun et al., 2009 ). This observation does not exclude the fact that activation of MAPKs pathway by the LINA-OOH can be a part of the explanation for the activation of Nrf2. In response to LIMO-OOH, the weak activation of MAPKs could explain the absence of Nrf2 activity even if there was a slight accumulation of Nrf2.
In summary, the main differences of activation observed with these products are the production of reactive species and the activation of the Nrf2 pathway. A mechanism of action can be proposed, describing how the allylic hydroperoxides, at low concentrations used, may lead to the maturation of DCs. LINA-OOH would sufficiently induce MAPKS and reactive species production to lead to an activation of the Nrf2 pathway whereas LIMO-OOH would be unable to sufficiently activate the Nrf2 pathway and the production of reactive species (Figure 6 ). This study shows that allylic hydroperoxides are not equal in intracellular signalization for inducing an expression of cell-surface markers.
SUPPLEMENTARY DATA
Supplementary data are available at Toxicological Sciences online.
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This work was supported by a grant from the ANRT (Association nationale de recherche et de technologie). The authors thank Catherine Argillier (Qualiwell) for her support, Andreas Natsch (Givaudan) for providing LINA-OOH 7, the UMS Institut Paris Saclay d'Innovation Thé rapeutique (IPSIT), Plateforme Trans-Prot, Université of Paris-Sud, Université Paris-Saclay and Claudine Delomé nie for technical assistance. We thank Andrew Pearson for proofreading this article. Figure 6 . Mechanism of action of terpenes and hydroperoxides on THP-1 cells. The first step is the oxidation of the thiol group of cysteine residues of protein at the membrane of the cell (1) which results in the decrease of intracellular level of GSH (1'). Reactive species production and allylic hydroperoxides lead to the oxidation of cysteine residues of Keap1, Nrf2 is accumulated in the cytoplasm (2) and translocates to the nucleus. Nrf2 induces the transcription of ho-1, nqo1 and il-8 (2').
Depletion of intracellular glutathione might also contribute to Nrf2 activation (2''). Meanwhile, phosphorylation of MAPKs and NF-rB pathway proteins (p38, p65, JNK and ERK) occurs (3). It is probable that the activation of these pathways also leads to an accumulation of Nrf2 (3') and the cell may acquire a mature phenotype with the expression of CD86 and CD54 at its surface (3'').
